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Abstract 

In this study, amorphous (Na 2 0) x (CaO) 0 .5o-x(P205)o.50'yH20 (where x= ~0. 1 5 and y=~3) samples were prepared by 
a coacervate method. Thermal analysis showed that two types of water molecules were present in the coacervate 
structures: one type loosely bound and the other part of the phosphate structure. Structural studies using Fourier 
transform infrared spectroscopy (FTIR) and X-ray total diffraction revealed the samples to have very similar structures to 
melt-quenched glasses of comparable composition. Furthermore, no significant structural differences were observed 
between samples prepared using calcium nitrate as the calcium source or those prepared from calcium chloride. A 
sample containing ~l mol% Ag 2 0 was prepared to test the hypothesis that calcium phosphate coacervate materials 
could be used as delivery agents for antibacterial ions. This sample exhibited significant antibacterial activity against the 
bacterium Psuedomonas aeruginosa. FTIR data revealed the silver-doped sample to be structurally akin to the analogous 
silver-free sample. 
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Introduction 

Phosphate-based glasses (PBGs) containing calcium and 
sodium have properties that lend them to biomedical 
applications. 1 Glasses containing high calcium content 
can support both osteoblasts and fibroblasts making 
them suitable scaffold materials for engineering the 
hard/soft tissue interface. 2 Furthermore, PBGs are bior- 
esorbable, allowing for the incorporation and release of 
active ions at a rate controlled by the overall dissolution 
rate of the glass. By fine tuning the composition the 
release rate may be tailored to be linear with time. 3 As 
a consequence, PBGs have been extensively studied over 
recent years for use in controlled delivery devices. PBGs 
containing Cu, Ag and Ga ions have been investigated as 
antimicrobial agents; demonstrating activity against 
multiresistant nosocomial pathogens and bacteria resid- 
ing in biofilms. 4 6 Other related applications include oral 
healthcare, via the release of fluoride ions, and veterin- 
ary treatment where glasses are designed to reside in the 
animals' stomachs and release trace elements slowly over 
extended periods of time. 3 Finally, PBG can be prepared 
as fibres suitable for soft tissue engineering applications, 
where the tissue has a high degree of anisotropy. 



Examples include muscle, ligaments, tendons and, 
potentially, nerve cells. 7 

In relation to biomedical applications, there are sig- 
nificant advantages to be gained by preparing PBG by 
low-temperature routes. For example, such methods 
allow for the inclusion of a wide range of drugs for con- 
trolled-release applications (e.g. Ref. [8]) and also offer 
the possibility to produce antibacterial, bioresorbable 
coatings on implant devices. The coacervate method 
provides an attractive alternative to the sol-gel methods 
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presently employed to prepare PBG where heating to a 
temperature of 25(MK)0°C is required to drive off 
organic molecules and consolidate the phosphate 
network. 9 ' 10 

The coacervation process is well-known. 11-14 In gen- 
eral, the coacervation process involves the liquid-liquid 
phase separation of a homogeneous solution of charged 
macromolecules resulting in a dense, polymer-rich 
'coacervate' phase which coexists with its supernatant. 
In relation to PBG, the process entails the addition of a 
solution of polyvalent cations to a concentrated solu- 
tion of sodium polyphosphate (Graham salt). 11-13,15-17 
Graham salt is a water soluble polyphosphate com- 
posed of long metaphosphate chains. 18 When in solu- 
tion, electrostatic interactions between the long 
polyphosphate chains and polyvalent cations lead to 
the formation of the dense coacervate phase. 17,19 The 
coacervate phase can be extracted and dried to form a 
solid glassy material. The low-temperature nature of 
the coacervation process, where solid samples can be 
produced without heating above room temperature, 
facilitates many applications in the preparation of 
PBG. These include the preparation of coatings, 20 lumi- 
nescent glasses 17 and organic-inorganic hybrids for 
optical applications. 19 Further to this, phosphate 
coacervates have found a wide range of other applica- 
tions including the anticorrosion protection of metals 
and the immobilisation of asbestos. 12 

There have been several structural studies of phos- 
phate coacervate derived materials. Spectroscopic char- 
acterisation of a hybrid material of calcium 
polyphosphate and croconate ions was performed by 
de Oliveira et al. 19 The results revealed a structure 
based on helical chains of polyphosphate ions with 
the calcium ions occupying sites within the chains and 
the croconate ions on the outside hydrogen bonded to 
water molecules. Dias Filho et al. studied the inter- 
actions between metaphosphate chains and Ca 2+ and 
Eu 3+ cations in aqueous solution using Eu 3+ lumines- 
cent measurements, and infrared and 31 P nuclear mag- 
netic resonance (NMR) spectroscopies. 12 Their results 
revealed that the cations occupy two types of sites: 
cage-like sites within the polyphosphate chains and 
sites outside the chains which only become occupied 
once all the cage-like sites are taken. The authors con- 
cluded that it is the occupation of the second type of 
site that leads to supramolecular interactions between 
the chains that result in the formation of the coacer- 
vate. These findings are supported by the results of a 
study of Ni + and Co 2+ containing phosphate coacer- 
vates using X-ray absorption and Raman spectrosco- 
pies. 13 A recent study of manganese polyphosphates 
containing azo dyes using luminescence, Raman and 
reflectance spectroscopies showed that the Mn 2+ 
ions reside within a hydrated phosphate structure. 17 



The work also demonstrated that the incorporated 
dyes were pH sensitive and could be released into aque- 
ous media. All these studies indicate that cations pro- 
vide the cross-linking between phosphate chains, but 
only when present in quantities greater than that 
required to occupy all the preferred intrachain sites. 

In this paper, we report the preparation and charac- 
terisation of PBG coacervates containing Na + and 
Ca 2+ ions for potential biomedical applications. In 
order to demonstrate an application of these materials 
in this field, we prepared one sample containing silver 
ions and measured its antibacterial activity. The sam- 
ples were characterised using thermal analysis, infrared 
spectroscopy and X-ray total diffraction (XRTD). To 
our knowledge, this is the first XRTD study of a 
coacervate-derived phosphate glass. 



Materials and methods 

Sample preparation 

The following reagents were used in the preparation of 
the coacervate samples: sodium polyphosphate 
((Na(P0 3 )„, Sigma-Aldrich, 96%) calcium nitrate 
(CaN0 3 -4H 2 0, Fisher, >99%), calcium chloride 
(CaCl 2 , Sigma-Aldrich, 96%) and silver nitrate 
(AgN0 3 , Sigma-Aldrich, >99%). 

The samples were prepared by slowly adding a 2 M 
solution of the calcium salt to an equal volume of a 4 M 
solution of sodium polyphosphate at a rate of 5ml/h 
using a syringe pump. The sodium polyphosphate solu- 
tion was stirred during this addition and the resultant 
mixture stirred for a further hour after the addition was 
complete to ensure homogeneity. The stirring was then 
stopped and the mixture allowed to stand for 1 h. 
During this time two layers formed: an aqueous layer 
and a 'coacervate' layer. The coacervate layer was twice 
washed with deionised water before leaving to stand 
overnight. After removal of the water layer, a clear, 
viscous coacervate remained. The coacervate layer 
was dried at room temperature in a vacuum desiccator 
containing silica gel for several days to produce a fri- 
able powder. Typically, 5 ml of sodium polyphosphate 
solution yielded 1 g of PBG. This preparation is sum- 
marised in Figure 1. 

Three coacervate samples were prepared and char- 
acterised. Two Na 2 0-CaO-P 2 0 5 glasses were prepared, 
one using CaN0 3 -4H 2 0 as the calcium precursor and 
the other using CaCl 2 . Hereafter, these samples will be 
referred to as COA1 and COA2, respectively. A third 
sample was prepared to nominally contain 1 mol% 
Ag 2 0 by the addition of 1 M AgN0 3 solution to the 
coacervate before drying. This silver-doped sample will 
be referred to as COA3. 



1228 



Journal of Biomaterials Applications 28(8) 



4 M NaP0 3 (aq) 



2 M CaCl 2 (aq) or 
CaN0 3 (aq) 



Stir for 1 hr 



Stand for 1 hr - 
coacervate layer forms 



Remove top aqueous 
layer and replace 
with H 2 0 



Repeat above step & 
leave overnight 



Clear, 
coac 


viscous 
:rvate 






Remove H2O layer & 
dry at RT 






Glassy phosphate 
material 



Figure I. General schematic for the preparation of coacervate 
derived phosphate glasses. 

The compositions of the COA1 and COA2 samples 
were determined by energy dispersive X-ray spectros- 
copy (EDS). Samples were coated with carbon by 
vapour deposition and viewed on a Jeol scanning elec- 
tron microscope (JSM 5500 LV). Elemental analyses 
were performed using an Oxford Instruments Inca 
400 EDS detector. 



Thermal analysis 

Simultaneous thermogravimetric (TG) and differential 
thermal analysis (DTA) of the COA1 and COA2 sam- 
ples was carried out on a Setaram Labsys™ TG-DTA16 
instrument. The samples were heated at a rate of 5°C 
min -1 from 40 to 1000°C under air. The data were cor- 
rected by subtracting traces recorded from an empty cru- 
cible. A further sloping background was subtracted from 
the DTA traces in order render the peaks clearly visible. 



Density measurements 

The density measurements were made using a 
Micromeritics® Accupycl340 pycnometer, which util- 
izes Archimedes' Principle using helium gas as the fluid. 



Fourier transform infrared spectroscopy (FTIR) 

The FTIR data were collected on a Thermo Nicolet 380 
FT-IR spectrometer fitted with a diamond-anvil atte- 
nuated total reflectance (ATR) attachment. Spectra 
were recorded over the range 4000^100 cm -1 with a 
resolution of lcm -1 and each composed of 256 
summed scans. Along with data from the dried coacer- 
vate samples, FTIR spectra were recorded from 

(CaO)o. 5 (P20 5 )o.5 and (CaO) 0 .4(Na 2 0)o.i(P20 5 )o.5 meta- 
phosphate glasses for comparison. These latter samples 
were prepared by melt-quenching for a previous struc- 
tural study. 21 

X-ray total diffraction 

The XRTD data were collected on a Panalytical X'pert 
Pro Multi-Purpose Diffractometer at the Rutherford 
Appleton Laboratory, UK. The diffractometer was 
configured for the study of amorphous materials with 
a short-wavelength (X = 0.5609 A) silver-anode X-ray 
tube and capillary stage for sample mounting. Finely 
powdered samples were loaded in 1 mm diameter silica 
capillaries with a nominal wall thickness of 0.01mm. 
Data were collected from a spinning sample for scatter- 
ing angles from 3° to 156° with an interval of 0.2° using 
a silicon scintillation point detector. The data were cor- 
rected for background, absorption, polarization, mul- 
tiple scattering and bremsstrahlung effects using the 
program GudrunX. 22 The resultant scattered intensity, 
i(Q), can reveal structural information by Fourier 
transformation to obtain the pair-distribution 
function 23 : 



T{r) = Anp 0 r - 



2 Jo 



Qi(Q)M(Q) sm(Qr)d(Q) (1) 



where p a is the macroscopic number density and M(Q) 
is a Lorch modification function 24 necessitated by the 
finite maximum experimentally attainable value of Q. 

Structural parameters were obtained from the dif- 
fraction data by modelling the g-space data and con- 
verting the results to r-space by Fourier transformation 
to allow comparison with the experimentally deter- 
mined correlation function. 25 The structural parameters 
used to generate the g-space simulation were varied to 
optimise the fit to the experimental data using the pro- 
gram NXFit_Rl. 26 The g-space simulation was gener- 
ated using the following equation: 



p(Q)ij 



NjjWy sin QRjj 

cj QRtj 



exp 



(2) 



where p{Q)jj is the pair function in reciprocal space, 
N ih Rjj and a,-, are the coordination number, atomic 
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separation and disorder parameter, respectively, of 
atom i with respect to j, cj is the concentration of 
atom j and Wy is the weighting factor. The weighting 
factors are given by: 



2c i c/(Q) i f(Q) j 

JW 2 



(3) 



or 



cf/XQ) 2 
f(Q) 2 



if i=j 



(4) 



where f(Q) represents the Q-dependant X-ray form 
factors. 

Previous work has shown that there is little differ- 
ence in the atomic separations of Ca-O (2.34 A) and 
Na-O (2.33 A) correlations in PBG. 21 This can be 
understood in terms of the similar ionic radii of Ca 
and Na, 0.99 and 0.95 A, respectively. 27 In this study, 
Ca and Na have been combined for fitting purposes 
into one generic metal atom, M, which has an average 
X-ray form factor weighted to the concentrations of the 
two elements. 27 



Antibacterial assay 

The silver-doped coacervate glass (COA3) was investi- 
gated for its ability to inhibit bacterial growth using a 
disk diffusion methodology (BSAC Disk Diffusion 
Method for Antimicrobial Susceptibility Testing, 
Version 4, 2005). Isosensitest agar (Oxoid, 
Basingstoke, UK) plates were inoculated with a standar- 
dized culture (optical density of 0.03 at a wavelength of 
600 nm) of Psuedomonas aeruginosa (Epidemiological 
strain, School of Dentistry, University of Liverpool). 



One hundred milligrams of both control (COA1) and 
silver-doped glass powders were pressed into 5 mm 
diameter discs using Atlas™ Evacuable Pellet Dies 
(Specac Ltd, UK) and placed in each of the inoculated 
plates. The experiment was conducted in triplicate and 
the glass not containing any silver was used as a negative 
control. These plates were then incubated aerobically at 
37°C for 24 h. The diameters of any zones that had 
formed around the samples were measured using 
callipers. 



Results 

Sample characterisation 

The elemental compositions of the Na 2 0-CaO-P 2 0 5 
samples are reported in Table 1 below. Table 2 gives 
these compositions expressed in terms of simple 
oxides. The numbers in this table were calculated by 
assuming that any excess oxygen is charge balanced by 
protons. Using the mole fractions of the oxides, the 
compositions of the COA1 and COA2 samples can be 
written as (Na 2 0)o.i 6 (CaO)o.36(P20 5 )o.48-2.9H 2 0 and 
(Na 2 O) 0 . 1 8(CaO) 0 .35(P20 5 )o.47-3 . 1 H 2 0, respectively. 
The composition of the silver-doped COA3 sample 
was not measured. 

Figure 2 shows the combined TGA/DTA traces 
obtained from the dried COA1 and COA2 samples. 

The measured densities of the COA1 and COA2 
samples are reported in Table 1. 

Structural studies 

The FTIR spectra of the COA1 and CO A3 coacervate 
samples are compared to those from melt-quenched 
(CaO) 0 .5(P20 5 )o.5 and (CaO)o.4(Na 2 0)o.i(P 2 0 5 )o. 5 



Table I. Sample characterisation. 

Composition (wt%) 

Sample O Na P Ca Density (g cm -3 ) 

COM 64.54 ±1.07 5.04 ±0.37 20.37 ±0.56 1 0.05 ±0.50 2.326 ±0.0 10 

COA2 64.95 ±0.74 5.68 ±0.34 1 9.90 ±0.4 1 9.48 ±0.24 2.281 ±0.010 



Table 1. Sample compositions expressed in terms of simple oxides. 





Composition (mol%) 






Composition (wt%) 






Sample 


Na z O 


CaO 


p 2 o 5 


H 2 0 


Na z O 


CaO 


p 2 o 5 


H 2 0 


COM 
COA2 


4.03 ± 0.30 
4.45 ± 0.27 


9.24 ±0.46 
8.54 ±0.22 


12.08 ±0.33 
1 1.56 ±0.24 


74.65 ± 0.65 
75.45 ± 0.46 


6.52 ± 0.48 
7.34 ±0.44 


13.54 ±0.67 
12.75 ±0.32 


44.80 ± 1.23 
43.71 ±0.90 


34. 14 ±0.58 
36.20 ±0.41 
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metaphosphate glasses in Figure 3. The absorption 
bands have been assigned according to the literature 
and labelled in Figure 3. The band near 1250 cm -1 is 
assigned to the asymmetric stretching mode of the two 
non-bridging oxygen (NBO) atoms bonded to phos- 
phorus atoms in the P0 2 metaphosphate units, 
^as(P02)~- 28 ' 29 The absorption bands close to 1100 
and 1000 cm -1 are assigned to the asymmetric and sym- 
metric stretching modes of chain-terminating PO3 
groups (v as (P0 3 ) 2 ~ and v s (P0 3 ) 2 ~), respectively, 
although the latter assignment remains tentative. 30 
The absorption band near 900 cm -1 is assigned to the 
asymmetric stretching modes of the P-O-P linkages, 
i; as (P^O-P), 31 and the partially split band centred 
around 750 cm" 1 is assigned to the symmetric stretch- 
ing modes of these linkages, v s (P-0-P). 29 The peak at 
540 cm -1 is attributed to O— P— O deformation 
modes. 31 

The XRTD data for the COM and COA2 samples 
are shown in Figures 4 and 5, respectively. The struc- 
tural parameters obtained from the fitting of these 
XRTD data are shown in Table 3. It should be noted 
that it was not possible to collect XRTD from the 
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Figure 2. Simultaneous TGA (dashed lines) and DTA (solid 
lines) measurements from the coacervate samples: (a) COAI and 
(b) COA2. 



Ag-doped sample (COA3) because the X-rays used 
were generated by a silver-anode tube: X-ray fluores- 
cence from the silver in the sample would have 
swamped the diffraction signal. 

Antibacterial assay 

The silver-doped sample had a growth inhibition zone 
of 22.5 mm with a standard deviation of 2.6 mm against 
P. aeruginosa (Liverpool hospital strain). The control 
did not show any growth inhibition. 
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Figure 3. FTIR spectra from undoped (COAI) and silver- 
doped (COA3) coacervate samples compared with those from 
melt-quenched metaphosphate glasses. The upper three curves 
have been off-set for clarity. Mixed Ca/Na MPG refers to 
(CaO) 0 .4(Na20)o.i(P2C>5)o.5 metaphosphate glass. 
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Figure 4. X-ray total diffraction data from the COAI coacer- 
vate sample: (a) Q-space interference function and (b) real-space 
pair-distribution function (solid line) together with its simulation 
(dashed line). 
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Figure 5. X-ray total diffraction data from the COA2 coacer- 
vate sample: (a) Q-space interference function and (b) real-space 
pair-distribution function (solid line) together with its simulation 
(dashed line). 



Table 3. Structural parameters obtained from the fitting of the 
XRTD data. a 



Sample 


Correlation 


R(A) 


c.n. 


a (A) 


COM 


P-NBO 


1.51 


2.3 


0.03 




P-BO 


1.59 


1.8 


0.04 




M-O 


2.38 


3.6 


0.08 




O-O 


2.54 


3.5 


0.1 1 




M-P 


2.89 


2.2 


0.07 




P-P 


2.97 


1.9 


0.09 


COA2 


P-NBO 


1.52 


2.3 


0.03 




P-BO 


1.58 


1.8 


0.03 




M-O 


2.39 


3.5 


0.06 




O-O 


2.54 


3.4 


0.1 1 




M-P 


2.89 


2.3 


0.07 




P-P 


2.98 


1.8 


0.10 


a R is the atomic separation, c.n. 


the coordination 


number and a the 


disorder parameter. M denotes th 


2 generic metal cation, BO 


s a bridging 


oxygen and 


NBO is a non-bridgi 


~\g oxygen. The errors are 


reasonably 


estimated as 


±0.02 A in R, ±15% 


in N and ±0.01 A 


in a. 





Discussion 

Sample characterisation 

Figure 2 shows the TG-DTA curves obtained from the 
COA1 and COA2 coacervate samples. Both TGA 
curves exhibit two distinct regions of mass loss: a 3- 
5% loss between 40 and 200°C and a further 10-14% 
decrease between 200 and 500°C. Both of these events 
can be attributed to dehydration of the sample. The 
low-temperature mass loss is due to the removal of 



loosely bound water molecules from outside the poly- 
phosphate structure 19 whereas the higher-temperature 
decrease in mass is due to the loss of structural water 
molecules. 17 Both DTA traces exhibit two endothermic 
peaks centred at ~95 and ~200°C that correlate well 
with two mass loss features in the TGA curve and are 
therefore ascribed to dehydration of the samples. 
Consequently these peaks are labelled T d in Figure 2. 
The exothermic peaks (T c ) observed at 490°C for the 
COA1 sample and at 450°C for the COA2 are attrib- 
uted to crystallization. The large endothermic peaks 
(T m ) at 810 and 830°C for the COA1 and COA2 sam- 
ples, respectively, are due to the samples melting. 

Similar TG behaviour has been observed previously 
for calcium polyphosphate coacervates containing cro- 
conate ions. 19 The DTA results presented here support 
the conclusion that there are two types of water present 
in the coacervate structure leading to two dehydration 
events, clearly visible in the TGA and DTA data. The 
observation of crystallization and melting events at 
higher temperatures in the DTA traces is consistent 
with the behaviour of melt-quenched PBG of similar 
composition over the same temperature range. 32 

Structural study 

The FTIR spectra of the COA1 and CO A3 samples 
shown in Figure 3 exhibit the absorption bands at 
1250, 1100, 1000, 900, 750 and 540cm" 1 that are asso- 
ciated with polyphosphate materials. 29-31 Such mater- 
ials have structures based on polyphosphate chains 
made up of tetrahedral P0 4 units. The polyphosphate 
chains are negatively charged and are held together by 
the electrostatic force that exists between them and any 
cations present. 33 These chains contain two distinct 
phosphorus sites: chain-terminating end groups, 
(P0 3 ) 2 ~, and intrachain middle groups, (P0 2 )~. As out- 
lined in the results section, the vibrational spectra shown 
here exhibit modes associated with both phosphorus 
environments: the band at 1250 cm -1 arises from 
stretching of the bonds in the (P0 2 )~ middle groups, 
whereas the bands at 1100 and 1000 cm -1 are due to 
modes involving the (P0 3 ) 2_ end groups. The remaining 
bands at 900, 500 and 540 cm -1 are due to modes invol- 
ving the P-O-P bonds that join the (P0 2 )~ middle 
groups and (P0 3 ) 2 ~ end groups together to form 
chains. Also, shown in Figure 3 are the vibrational spec- 
tra from two melt-quenched metaphosphate glasses of 
similar composition to the coacervate samples, i.e. 
(CaO) 0 . 5 (P 2 0 5 )o.5 and (CaO) 0 .4(Na 2 0)o.i(P 2 0 5 )o.5. The 
similarity between the spectra from the coacervate sam- 
ples and those from the melt-quenched samples is strik- 
ing: the only discernible difference is that the absorption 
bands in the spectra from the coacervates are slightly 
broader than those in the spectra from the glasses. 
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This perhaps reflects a greater disorder in the structures 
of the coacervate samples which may be due to the pres- 
ence of water in the structure as evidenced by the thermal 
analysis. Furthermore, the similarity between the spec- 
tra from the two coacervates samples, one containing 
silver and the other silver-free suggests that the addition 
of ~1 mol% Ag 2 0 does not change the structure of the 
coacervate significantly. 

As mentioned above, the coacervate samples studied 
here have structures consisting of polyphosphate chains 
with the anions (in this case Ca 2+ and Na + ) occupying 
sites between chains. XRTD can yield information on 
the distances between atoms in these structures and 
their associated coordination numbers. Considering 
the structure of polyphosphate chains, it can be seen 
that there are two types of oxygen atoms present: brid- 
ging oxygens (BOs) that are bonded to two phosphorus 
atoms and terminal or NBOs which only connect to one 
phosphorus atom. Thus, the (P0 2 )~ middle groups and 
(P03) 2 ~ end groups mentioned previously have two and 
three NBOs, respectively: the remaining oxygen atoms 
that make up the P0 4 tetrahedra are BOs. The presence 
of two types of oxygen atom has been taken into con- 
sideration when modelling the XRTD data shown in 
Figures 4 and 5 by using the corresponding two correl- 
ations to fit the peak at ~1.6A in the pair-distribution 
function. The resultant structural parameters in Table 3 
reflect this. The shorter correlation of 1.51 A is ascribed 
to P-NBO bonds and the longer one at 1.59 A is attrib- 
uted to P-BO bonds. 34 The P-NBO bonds are shorter 
because their bond order is slightly greater than one. 
For both samples, the sum of the P-NBO and P-BO 
coordination numbers is very close to 4, reflecting the 
fact that the polyphosphate chains are made up of P0 4 
tetrahedra. The fact that the P-NBO coordination num- 
bers are slightly greater than the P-BO coordination 
numbers which indicates the presence of chain-termin- 
ation (P0 3 ) 2 ~ as suggested by the FT1R data and dem- 
onstrates that the polyphosphate chains have a finite 
length (as opposed to infinite chains or rings which 
would contain only (P0 2 )~ middle groups). 

The remaining structural parameters reported in 
Table 3 are similar to those measured previously from 
amorphous CaO-Na 2 0-P 2 0 5 materials. 10,21 To reduce 
the number of parameters in the fitting process, the 
data have been modelled using a generic metal cation, 
M, instead of distinct Na + and Ca 2+ contributions. The 
coordination environment for the cations reported in 
Table 3 is consistent with a site surrounded by NBOs 
from the phosphate chains. The 0---0 distance in 
Table 3 represents that across an edge of the P0 4 tetra- 
hedron and agrees well with the value of 2.52 A that can 
be calculated by taking the average P-O distance to be 
1.55 A and the O-P-O angle to be 109°. The nearest- 
neighbour P-P distance of 2.98 A agrees well with the 



value of 2.94 A measured from vitreous P 2 0 5 . 35 The 
P-P coordination number should be equal to 
the P-BO coordination number since the phosphorus 
atoms are connected by BOs. The results presented 
here exhibit good agreement between these coordination 
numbers. 

Finally, examining the structural parameters in 
Table 3, it can be seen that there are no significant 
structural differences between the sample prepared 
using CaN0 3 as the calcium source (COA1) and that 
prepared from CaCl 2 (COA2). 

Antibacterial properties 

The silver-doped coacervate sample (COA3) exhibited 
significant antibacterial activity against P. aeruginosa 
compared to the control (COA1). The zone of inhib- 
ition of 23 mm observed in this study compares well 
with that of 9 mm measured in a previous study of 
melt-quenched PBG containing 1 mol% Ag 2 0. 36 
However, the larger zone of inhibition observed here 
cannot be directly correlated with the previous findings 
from Ahmed et al. 36 because of the difference in bac- 
terial strains used (Liverpool hospital strain as opposed 
to the strain PA01 used by Ahmed et al.). Moreover, 
the preparation of the glass powder as pellets in this 
study could have resulted in an increased surface area 
and faster release of silver ions from the coacervate 
sample compared with the melt-derived glass of similar 
composition. However, the result presented here dem- 
onstrates the potential for phosphate coacervate mater- 
ials to be used as a vehicle for the delivery of 
antibacterial ions and possibly other drug molecules. 37 



Conclusions 

The results show that the coacervate method can be 
readily used to produce PBG materials of approximate 
composition (Na 2 0)o.i5(CaO)o.35(P 2 0 5 )o.5o-3H 2 0 with 
structures based on phosphate chains. Structurally 
these materials are very similar to melt-quenched meta- 
phosphate glasses of similar composition except for the 
inclusion of water. Thermal analysis of the samples sug- 
gested the presence of two water environments, one 
structural and one loosely bound, which is consistent 
with previous measurements. 19 XRTD revealed no sig- 
nificant differences between the structure of the sample 
prepared using CaN0 3 as the calcium source and that 
prepared using CaCl 2 . Finally, the potential use of 
coacervate-derived phosphate glasses as biomaterials 
has been demonstrated by the preparation of a silver- 
doped sample that acts as a delivery agent for antibac- 
terial Ag + ions and exhibits effectiveness at killing the 
bacterium P. aeruginosa. 
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